The humanoid robot has a large number of actuators to mimic the human behaviors, e.g., BabyBot developed as one of humanoid platforms consists of 24 electric motors. In this case, the decentralized controllers such as PID ones are used to control the position of motors, since it is hard for complex centralized controllers to use. Moreover, although the controller has the decentralized type, it takes much time to tune the motion control performance of humanoid robot since the actuators show the different characteristics according to their capacity. In order to achieve the target performance quickly, BabyBot uses the decentralized auto-tuning PID controller. In this paper, the auto-tuning criterion for BabyBot is suggested to satisfy the target performance. Finally, experimental results show that the target performance can be quickly accomplished by it while executing tasks such as walking and arm swing.
I. INTRODUCTION
The final goal of robotics is the humanoid robot which can mimic the human behaviors, intelligence and interaction [1] . Although the intelligence among them will be the core technology of the humanoid robot in future, it is currently important for the platform technology concerning robotic motion and interaction in developing the humanoid robot. A variety of platforms for humanoid robot should be developed to realize the intelligence, but most researchers still have difficulties in developing the hardware platform before realizing intelligence. Especially, the humanoid robot uses a large number of electric motors to mimic the human behaviors. Actually, it takes much time to tune the gain values of controller since so many and various motors are used in humanoid robot. Also, the individually tuned control gains do not guarantee that they can satisfy the target performance in motion coordination of humanoid robot. In this respect, auto-tuning controller is required to satisfy the target performance automatically and quickly.
As a matter of fact, there are many references [2] , [3] about adaptive controllers which can show the good performance for robotic systems. Since they require the complex dynamics to use (especially, the humanoid robot dynamics are so complex), however, most researchers prefer the decentralized PID controllers to centralized dynamic ones because the decentralized PID ones are simple to use. Recently, the decentralized auto-tuning PID controller was suggested in [4] , by using the direct adaptive control method for an inverse optimal PID controller suggested in [5] . Also, if several conditions for control gains are satisfied, then the decentralized autotuning PID controller has the extended disturbance inputto-state stability for robotic systems. The BabyBot uses the decentralized auto-tuning PID controller in order to achieve the target performance quickly. Also, how to make the target performance numerically will be discussed in this paper. This paper is organized as follows: section II introduces the humanoid robot BabyBot in view of the design concept, kinematics and control strategy, section III suggests how to make target performance of decentralized autotuning PID controller, section IV shows the superiority of applied controller through experiments and section V draws the conclusion.
II. HUMANOID ROBOT SYSTEM : BABYBOT
The humanoid robot has been developed to mimic the human behaviors, intelligence and interaction. Actually, it 
is possible for humanoid robot to serve more functions than the mobile robot because the humanoid can be used in current home or office without modification. Now, we are developing the BabyBot as a humanoid robot platform, its design concept and control structure are explained in detail in following sections.
A. Design Concept
In order to design a humanoid robot system, we should first determine its physical dimension. Those kinematic data were obtained from one-year old Korean standard baby, e.g., the height of BabyBot was chosen to be 75cm because the Korean standard height was 74.6cm and 76.4cm for one-year old boy and girl, respectively. Also, we tried to set other kinematic data (shoulder height, leg length, arm length, etc. ) fit for Korean standard ones, in other words, the kinematic Denavit-Hartenberg parameters were determined according to the Korean standard ones.
The BabyBot shown in Fig. 1 has 24 degrees-offreedom (DOF) in total, concretely speaking, the neck motion system has 2 DOF, each arm has 5 DOF and each leg has 6 DOF as shown in Fig. 2 . Also, the DenavitHartenberg parameters of dual arms and legs are listed in Table I will be equipped with the camera and image processing module to realize the visual intelligence. Also, the BabyBot has the gyroscope to control the posture by oneself.
B. Control Structure
The DC servo motors are used as actuators to drive humanoid system. The motors (manufactured by Maxon or Minimotor Co.) and planetary gear-head are used to drive upper body system composed of dual arms and neck motion system. Also, the motors and harmonic drive systems are selected for leg systems. Table III shows detail specification of selected actuator system.
To control and coordinate the motion of humanoid robot, the local controllers were designed as small as possible by using DSP's (TMS320VC33 manufactured by TI Co.) and motor amplifier chips. Also, the information exchange between DSP's is achieved by the CAN communication network with the layout as shown in Fig.  3 . Main DSP module gathers the information from voice recognition module, gyroscope and local DSP's covering the motion control of arms, legs, neck motion system. And then, it orders the desired cartesian positions and velocities to local DSP's by using CAN communication. All these modules are embedded in the abdomen and backpack of BabyBot in Fig. 1 .
As shown in Table III , since a variety of motors and gear ratios are used in humanoid robot, it takes much time to tune the control gain values, though the decentralized PID controller are simply used for the humanoid robot. As an alternative of this problem, the auto-tuning method for control gains and auto-tuning criterion are suggested in the following section.
III. AUTOMATIC TUNING FOR MOTION CONTROL PERFORMANCE
The inverse optimality of PID controller for mechanical systems was proved for the first time in [5] . Since it requires some conditions for gain values, it is called as "inverse optimal PID controller" which has the following form:
for i = 1, 2, · · · , n, and its design conditions are as follows:
, where τ i means the torque control input, s i is the composite error,ė i , e i , e i dt express the velocity error, position (or configuration) error and integration error for i-th actuator, respectively and n means the number of actuators, e.g., n = 24 for BabyBot. According to the layout of actuators in BabyBot, each actuator requires the different control gains to guarantee the constant control performance. Actually, it seems to be impossible to tune the individual control gains with guaranteeing the same control performance because the BabyBot has 72 gain variables (24 actuators × 3 PID gains) in total. As an alternative, the automatic performance tuning method of an inverse optimal PID controller (1) was suggested in [4] as follow:
where k i (t) is auto-tuning gain parameter of i-th controller and Γ i is the update gain parameter which determines
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In following section, the criterion for auto-tuning will be suggested to guarantee the constant control performance which is defined as 'target performance'.
A. Target Performance
Actually, there exist the gain values guaranteeing target performance (Ω i ) for each actuator, however, we can not know the gain value k i till the experimental result satisfies the target performance as follows:
because the required control inputs are different according to the layout of actuators in BabtBot. To satisfy the target performance, the auto-tuning law should be applied to the smaller composite error than the target performance. Also, since the auto-tuning law (3) was composed of the decentralized type, we suggest the decentralized criterion for auto-tuning as follows:
In Fig. 4 , the relationship between the tuning region and target performance was described for a simple example of n = 2. As soon as the composite error arrives at the tuning region of (4), the auto-tuning law should be implemented to assist the achievement of target performance. On the contrary, if the composite error stays in non-tuning region of Fig. 4 , namely |s i | ≤
, then the auto-tuning process is stopped. For this case, we expect that the gain k i (t) updated by an auto-tuning law (3) will be larger than the gain value which can achieve the target performance. As a matter of fact, the auto-tuning law has the property of a nonlinear damping for entire control system. Strictly speaking, the first term of auto-tuning PID controller (1) means the nonlinear damping suggested in [6] , which helps to stabilize the control system against disturbances and the second term means a linear controller.
IV. EXPERIMENTAL RESULTS
In order to find the control gain values guaranteeing the target performance of BabyBot as shown in Fig. 1 , we apply the auto-tuning inverse optimal PID controller using (1) and (3) to the BabyBot control system. The desired motions consist of bipedal walking, arm swing and neck swing to mimic the human behavior. First, we determine the static gains of auto-tuning inverse optimal PID controller as k P = 20, k I = 100 and γ = 0.5 satisfying the design conditions in section III. Then the controller has the following form: for i = 1, 2, · · · , n,
where initial values of auto-tuning parameters k i (0) = 1.0, update gain values Γ i = 500 for all i and n = 24. Second, since the composite error is approximately proportional to the position (or configuration) error with proportional constant k P , the target performance can be approximately determined as follows:
where |e i | t means the position (or configuration) error. For instance, if we are to obtain the performance of |e i | t < 0.025 [rad] for each driving actuator, then the target performance should be determined as Ω i = 0.5 by (5). This target performance is used in our experiments. Also, After the auto-tuning processes for neck motion system are finished as shown in Fig. 7.(a) , the auto-tuned Auto-tuned Gain of Left Leg
(a) Auto- Although all motion controllers of BabyBot used the same gains at initial time, they found the suitable gains by using automatic performance tuning method. Also, we showed through experiments that the target performance could be easily accomplished by them.
V. CONCLUDING REMARKS
The design concept of small-size humanoid robot (BabyBot) and its control structure based on CAN communication network were suggested in this paper. As a platform technology of humanoid robot, we suggested the Auto-tuned Gain K control method to guarantee the constant control performance for all actuators in BabyBot. Also, we showed through experiments that the target performance could be satisfied by using the suggested control method.
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